Cell fate specification relies on the action of critical transcription factors that become available at distinct stages of embryonic development. One such factor is NeuroD1, which is essential for eliciting the neuronal development program and possesses the ability to reprogram other cell types into neurons. Given this capacity, it is important to understand its targets and the mechanism underlying neuronal specification. Here, we show that NeuroD1 directly binds regulatory elements of neuronal genes that are developmentally silenced by epigenetic mechanisms. This targeting is sufficient to initiate events that confer transcriptional competence, including reprogramming of transcription factor landscape, conversion of heterochromatin to euchromatin, and increased chromatin accessibility, indicating potential pioneer factor ability of NeuroD1. The transcriptional induction of neuronal fate genes is maintained via epigenetic memory despite a transient NeuroD1 induction during neurogenesis. NeuroD1 also induces genes involved in the epithelial-to-mesenchymal transition, thereby promoting neuronal migration. Our study not only reveals the NeuroD1-dependent gene regulatory program driving neurogenesis but also increases our understanding of how cell fate specification during development involves a concerted action of transcription factors and epigenetic mechanisms.
Introduction
Embryonic development in mammals involves function of a plethora of transcription factors that act at various levels to generate a spatiotemporally regulated gene expression program (Guillemot, 2007; Spitz & Furlong, 2012) . Basic helix-loop-helix (bHLH) transcription factors are among such key players, and they contribute to the lineage commitment and terminal differentiation of various cell types during development (Jones, 2004) . In mice, the first neurons of the central nervous system (CNS) are born at mid-gestation, between embryonic day 10 (E10) and E11, heralding an important transition in the development of neural progenitor cells in the brain. Radial glial (RG) stem cells persist as the principal progenitor type during development of the embryonic and postnatal CNS (Kriegstein & Alvarez-Buylla, 2009; Taverna et al, 2014) . These neural stem cells located in the ventricular zone (VZ) undergo asymmetric division generating basal progenitors and neurons that migrate toward the subventricular zone (SVZ) and cortical plate (CP), respectively (Taverna et al, 2014) . This process involves a number of key factors, including neurogenin family members (Neurog 1/2), which initiate a cascade of other critical proneural transcription factors, one of which is NeuroD1 Sommer et al, 1996) .
NeuroD1 is a bHLH transcription factor that plays an important role during neuronal differentiation (Hevner et al, 2006; Aprea et al, 2014) . Given its prominent function during embryonic neurogenesis, it has also recently been used to reprogram other somatic cell types into neurons. In one such study, a combination of Pou3f2, Ascl1, and Myt1l, together with NeuroD1, was successfully used to reprogram fetal and postnatal fibroblasts into neurons (Vierbuchen et al, 2010) . Furthermore, NeuroD1 alone was able to convert reactive glial cells into functional neurons in vivo as well as it could convert human astrocytes into glutamatergic neurons (Guo et al, 2014) . These findings imply that NeuroD1 is a highly potent factor that promotes neuronal fate. However, no comprehensive investigation has been performed to uncover the gene regulatory program through which NeuroD1 mediates neuronal fate specification during development and reprogramming. Furthermore, NeuroD1's direct genomewide targets during neurogenesis remain unknown. In addition, despite existing knowledge that cell fate specification involves reprogramming of the epigenome (Mohn et al, 2008; Magnusdottir et al, 2012; Wamstad et al, 2012; Xie et al, 2013) , very little is known regarding whether NeuroD1's function at its target sites involves chromatin remodeling. Finally, it is unknown whether the transient action of such factors during differentiation is able to induce long-term epigenetic memory.
Here, we show that ectopic expression of NeuroD1 is sufficient to induce a program that closely recapitulates neuronal development in vivo. Genomewide analysis revealed that NeuroD1 activates neuronal development genes by directly binding to their regulatory elements. We found that NeuroD1 is able to bind its target heterochromatic promoters, which is followed by the loss of the Polycomb group (PcG)-associated repressive mark H3K27me3 and replacement of repressor proteins such as TBX3. This is accompanied by the gain of the active mark H3K27ac, as well as increased chromatin accessibility, resulting in induced gene expression. On the other hand, NeuroD1 target enhancers are repressed by MBD3 occupancy and histone deacetylation in its absence. NeuroD1 binding displaces MBD3 from these sites and results in increased H3K27ac levels, leading to gene activation. These observations further suggest that NeuroD1 targeting to distal sites is both necessary and sufficient to trigger events that activate enhancers. Interestingly, in addition to key neuronal development genes, NeuroD1 also induces genes involved in the epithelial-tomesenchymal transition. We further show that a transient action of NeuroD1 during development is sufficient to induce a neuronal gene expression program that is stably maintained by epigenetic memory. Taken together, our comprehensive findings uncovered the gene regulatory program through which NeuroD1 specifies the neuronal fate and revealed how this function involves reprogramming of the transcription factor and chromatin landscapes at its target sites.
Results

Ectopic expression of NeuroD1 is sufficient to induce the neuronal development program
A number of previous studies have shown that NeuroD1 is induced following the onset of neurogenesis (Lee et al, 1995 (Lee et al, , 2000 Schwab et al, 1998) . We first investigated whether high NeuroD1 expression is a specific feature of neurogenic progenitors and newborn neurons. Using RNA-seq datasets (Table EV1) (Fietz et al, 2012; Shen et al, 2012; Yue et al, 2014) from embryonic tissues that are representative of all three lineages, as well as from various layers of embryonic cortex, we found that NeuroD1 was highly expressed in the ventricular zone (VZ), was upregulated several fold in the subventricular zone (SVZ), and then downregulated in the cortical plate (CP; Fig 1A) . Except in the pancreas, where it was transcribed at low levels, NeuroD1 was not expressed in any other investigated tissue. To determine whether similar NeuroD1 expression dynamics could be observed during the neuronal differentiation of embryonic stem cells, we adapted a highly refined system that generates over 95% pure neuronal progenitor (NP) cells ("radial glial-like" cells) from embryonic stem (ES) cells that subsequently become terminally differentiated pyramidal neurons (TN) (Bibel et al, 2004 (Bibel et al, , 2007 . Previous studies, including our own, have demonstrated highly synchronous and reproducible changes in the epigenome and transcriptome during neuronal differentiation in this system (Mohn et al, 2008; Lienert et al, 2011; Stadler et al, 2011; Tiwari et al, 2012a,b; Thakurela et al, 2013) . Moreover, in terms of the epigenome and the transcriptome, both the behavior of individual genes and genomewide analyses in mouse primary cortical neurons were in good agreement with this in vitro system, making it a highly appropriate model (Mohn et al, 2008; Tiwari et al, 2012a; Thakurela et al, 2013) . We performed expression analysis of NeuroD1 in this system using qPCR which revealed that its expression was peaking immediately following the onset of neurogenesis (Fig 1B) .
To uncover the gene regulatory circuitry through which NeuroD1 functions to promote the neuronal fate, we ectopically induced expression of NeuroD1 in pluripotent mouse ES cells using a previously described system (Appendix Fig S1A and B) (Iacovino et al, 2011) . Strikingly, within 48 h of NeuroD1 induction, many cells exhibited a neuron-like morphology and expressed the neuronspecific protein TUJ1 as revealed by immunofluorescence analysis (Fig 1C) . These observations were further supported by quantitative expression analysis of several neuronal markers, all of which A RNA-seq datasets from in vivo embryonic samples were analyzed for NeuroD1 expression. RNA represents the normalized tag counts from biological replicates. B RT-qPCR results for NeuroD1 expression in an in vitro neuronal differentiation time course using biological replicates. RNA reflects the relative gene expression normalized to a housekeeping gene (Rpl19). C Immunostaining of ES cells for TUJ1 (neuronal marker) and Hoechst (nucleus) after 48 h of NeuroD1 induction (+Dox) as well as for non-induced control cells (ÀDox). Scale bar, 10 lm. D, E RT-qPCR results for the expression of neuronal markers (D) and hallmark pluripotency genes (E) after 48 h of NeuroD1 induction in ES cells. RNA fold change reflects the relative gene expression normalized to a housekeeping gene (Rpl19) plotted as the fold change of induced (+Dox) versus non-induced (ÀDox) condition. The y-axis in (D) is plotted in a log10 scale. F Volcano plot [x-axis: log2 (fold change +Dox versus ÀDox), y-axis: Àlog10 (P-value)] depicting differential gene expression after 48 h of NeuroD1 induction in ES cells. Data points marked in green represent genes crossing our significance cutoff for differential expression P-value < 0.05 (blue dotted line) as well as abs (log2 (fold change)) ≥ 0.58 (green dotted line). G Top GO terms that are enriched in the high-confidence upregulated genes (URG) in (F). The bar length is determined by the enrichment score calculated by GSEA. H, I Line plot showing NeuroD1 expression as fold change over ES during in vitro neurogenesis (H, upper panel) . Heat map depicting the expression of URG from (F) in an in vitro neuronal RNA-seq time course using biological triplicates (H, lower panel). Each row represents one promoter where gene expression is scaled from red (high expression) to blue (low expression). The same information is presented in (I) as a boxplot. J, K Line plot showing NeuroD1 expression in embryonic tissues from (A) (J, upper panel) . Heat map depicting the expression of URG in embryonic tissues from (A) (J, lower panel). The same information is presented in (K) as a boxplot.
significantly increased in expression compared with non-induced cells (Fig 1D) . This induction of neuronal markers was accompanied by a downregulation of the pluripotency genes Oct4, Nanog, and Klf4, but not Sox2 (Fig 1E) . Based on these observations, we next attempted to characterize the global gene expression changes induced by NeuroD1 in ES cells after 48 h by performing RNAsequencing on NeuroD1-induced (+Dox) and non-induced (ÀDox) cells. After applying stringent criteria for the significance and fold-change (FC) cutoff values (FDR ≤ 0.05, FC ≥ 1.5), a total of 2,209 upregulated genes (referred to as "URG" from here onwards) and 1,699 downregulated genes (referred to as "DRG" from here onwards) were identified (Fig 1F, Table EV2 ). Interestingly, GO term analysis of the URG showed enrichment exclusively for neurogenesis-related ontologies (Fig 1G) . KEGG pathway analysis of these genes revealed enrichment for neurogenic pathways (Appendix Fig S1C) . Moreover, the highest upregulated genes were the most n = 2,209 n = 1,699 Abhijeet Pataskar et al Gene regulatory mechanisms underlying NeuroD1 function during neurogenesis The EMBO Journal significant contributors to the neurogenesis-related GO terms (Appendix Fig S1D) . Interestingly, DRG were also downregulated during in vitro neurogenesis (Appendix Fig S1E and F) and were almost exclusively expressed in non-neuronal lineages (Appendix Fig S1G and H) . Furthermore, these genes were most enriched for non-neuronal GO terms such as metabolic processes and cell adhesion (Appendix Fig S1I) . Importantly, NeuroD1 induced the neuronal program despite the presence of pluripotency signals (LIF) and the absence of neuron-promoting culture media, suggesting that NeuroD1 function is sufficient to override the pluripotent state and promote neuronal commitment. Given the prominent enrichment of neuronal genes among the NeuroD1-induced transcripts, we questioned whether these genes are also normally induced during neuronal differentiation. Transcriptomic analysis showed that the majority of these genes were upregulated during the transition from neuronal progenitors to neurons both in vitro and in vivo (Fig 1H-K) . Furthermore, most URG were considerably more expressed in cortical layers than in tissues of other lineages (Fig 1J and K) . Interestingly, the expression of a large number of these genes remained high in terminally differentiated neurons, suggesting that NeuroD1-induced transcriptional state persists following the brief period of NeuroD1 peaked expression and action during neuronal development (Fig 1H-K) . We conclude that the ectopic expression of NeuroD1 is sufficient to induce a neuronal differentiation program that closely recapitulates neuronal development in vivo.
NeuroD1 directly targets regulatory elements of critical neuronal genes to induce their expression
Prompted by our findings, we next investigated whether this function could be directly linked to NeuroD1's DNA binding ability. To identify its genomewide targets, we ectopically expressed NeuroD1 in ES cells for 24 h and then performed a chromatin immunoprecipitation (ChIP) assay for NeuroD1 in combination with next-generation sequencing (ChIP-seq). Visual inspection of the genomic regions in these data suggested that NeuroD1 targeted distinct genomic sites including promoters and intergenic regions (Fig 2A  and B) . A comprehensive analysis revealed that NeuroD1 binding occurred at both promoter and non-promoter regions (Fig 2C) . However, when normalized for the small size promoters constitute in the entire genome, NeuroD1 peaks showed a preferential occurrence at promoters (around 39%, n = 341) (Fig 2C) . Given the regulatory roles of promoters and enhancers, we next focused on thoroughly analyzing NeuroD1 occupancy at these target sites. Acetylation of lysine 27 at histone H3 (H3K27ac) is a hallmark of active enhancers (Creyghton et al, 2010; Rada-Iglesias et al, 2011; Bonn et al, 2012; Zhu et al, 2013; Shlyueva et al, 2014) . Therefore, to determine enhancers that are bound by NeuroD1, we obtained H3K27ac ChIP-seq data from an early stage of neurogenesis in vitro (TN d1), a time point immediate to the highest NeuroD1 expression, and identified NeuroD1-bound non-promoter sites enriched for H3K27ac modification. A comparison of genes associated with these non-promoter sites as well as NeuroD1-bound promoters with URG revealed that a significant number of genes induced upon NeuroD1 expression were directly bound by NeuroD1 at their regulatory elements (~25%) (Appendix Fig S2A) . We further classified the nonpromoter NeuroD1 targets into exonic, intronic, and intergenic enhancers (Appendix Fig S2B) . We found that NeuroD1-bound intronic and exonic enhancers were associated with URG involved in neurogenesis and showed induced expression upon neuronal differentiation in vitro and in vivo (Appendix Fig S2C-L) . To avoid influence of genic chromatin landscape and other transcriptional regulatory events such as elongation that occur in gene bodies, we decided to focus on intergenic enhancers for further functional analysis (referred to as "enhancers" from here onwards).
Comparing the overlap of NeuroD1-bound targets with URG, we found that a significant fraction of genes upregulated upon NeuroD1 induction were directly bound by NeuroD1 at their promoters (n = 83), enhancers (n = 107), or both (n = 5) (referred to as "URT" (upregulated targets) from here onwards) (Fig 2D) . These URT (n = 195) were significantly higher upregulated as compared to the overall transcriptional induction of URG following NeuroD1 expression (Appendix Fig S3A) . Additionally, a significant fraction of our NeuroD1 target enhancers overlapped with previously described E14.5 brain-or cortex-specific enhancers (Appendix Fig  S3B) (Shen et al, 2012) . Importantly, the majority of URT were Data information: Error bars reflect standard error of the mean from three biological replicates if not stated otherwise. Significance shown in (D) was determined by Fischer's test with *P < 0.05, **P < 0.01, ***P < 0.001. Boxplots depicting RNA-seq data contain expression values scaled between 0 and 1 on y-axis. The y-axis of ChIPqPCR results shows the relative ChIP enrichment plotted as the ratio of precipitated DNA (bound) to input DNA and further normalized to an intergenic control region (fold enrichment above background) from two biological replicates. URT, upregulated targets. GEO IDs for all sequencing data used are given in Table EV1 . (Fig 2E and F ) and in vivo (Fig 2G and H ) and they were almost exclusively expressed in cortical layers but not in tissues of other lineages (Fig 2G and H ). These observations were further supported by the enrichment of neurogenesis-and development-related GO terms among URT (Fig 2I and J, and Appendix Fig S3C and D) . We validated a number of these promoter and enhancer target sites using ChIP-qPCRs (Fig 2K and L , data not shown). Importantly, although these targets were discovered after ectopic expression of NeuroD1 in ES cells, they were also bound by NeuroD1 in early neurons (Fig 2M) . To investigate any sequence specificity in NeuroD1 targeting, we performed a motif enrichment analysis of genomic sequences underlying NeuroD1 peaks. Interestingly, the NeuroD1 motif was among the top three enriched motifs at the target promoters ( Fig 2N and Appendix Fig S3E) and enhancer elements ( Fig 2O and Appendix Fig S3F) , suggesting a sequence-dependent targeting of NeuroD1. A de novo motif prediction further revealed that most NeuroD1 peaks (approximately 95%) exhibit an E-box motif directly at the peak summit, which is known to be associated with classical bHLH protein family members (Jones, 2004 ) (Appendix Fig S3G) . To extend our findings to a differentiated cell type, we ectopically expressed NeuroD1 in murine fibroblasts and analyzed its binding at identified target sites by ChIP assay and influence on the expression of their associated genes. Interestingly, NeuroD1 was able to locate and bind its target sequences and induce expression of associated genes (Appendix Fig S4A-G ). This was accompanied by an upregulation of the neuronal marker Tubb3 (Appendix Fig S4H) , but not of the housekeeper gene Tbp (Appendix Fig S4I) . These observations indicate that, irrespective of the cell type, NeuroD1 is able to trigger activation of neuronal development genes by directly binding to their regulatory elements.
NeuroD1 induces the expression of transcription factors involved in neuronal development and migration
Because NeuroD1 expression induces a large number of neuronal genes, many of which are not direct NeuroD1 targets (Fig 2D) , we speculated that NeuroD1 activates the expression of additional transcriptional regulators that could then mediate the observed secondary gene expression responses. Indeed, a deeper analysis of URT revealed a number of transcription factors and epigenetic regulators (promoter URT: n = 27/88; enhancer URT: n = 30/112). Interestingly, these factors were induced during neurogenesis in vitro as well as in vivo and were largely repressed in non-neuronal lineages (Fig 3A-D) . Importantly, although this list contained established regulators of neurogenesis (e.g. Hes6, Pou3f2, Sox11), it also harbored a number of factors not previously implicated in neurogenesis (e.g. Zfand5, Rnf182, or Aff3). Analysis of in situ hybridization (ISH) images as well as RNA-seq datasets from the developing murine cortex validated the expression pattern of many identified NeuroD1 target genes (Fig 3E-J) . We also observed, using example of one such target gene Lzts1, that the expression pattern of NeuroD1 target genes during cortical development may closely mimic NeuroD1 (Fig 3K) .
NeuroD1 has also been implicated in neuronal migration (Kim, 2013) , but the underlying molecular mechanism is largely unknown. Therefore, we next questioned whether classical migration genes involved in epithelial-mesenchymal transition (EMT) are induced following NeuroD1 expression. To address this question, we compared the NeuroD1-induced genes with genes that we recently identified as upregulated during EMT (Sahu et al, 2015) . Interestingly, this analysis showed that URG encompass a large number of genes that are upregulated during EMT (n = 878,~40%) and include a number of hallmark genes that are known to promote EMT ( Fig 3L) . Furthermore, a number of these genes exhibit direct binding of NeuroD1 at their regulatory elements (n = 87,~10%) ( Fig 3M) . These findings suggest that NeuroD1 may induce neuronal migration by activating the expression of critical EMT genes.
NeuroD1 functions by reprogramming the transcription factor and chromatin landscapes at target gene promoters
We next investigated whether there are mechanisms that actively repress NeuroD1 target genes in its absence and whether this bHLH factor overrides these silencing programs to induce gene expression. Toward this, we used a comprehensive approach and analyzed ChIP-seq datasets for a large number of established histone modifications (n = 8) and transcription factors (n = 50) as well as a chromatin accessibility dataset (FAIRE-seq) for murine embryonic stem cells (Table EV1) . Using Bayesian modeling, we probed these datasets for features that were enriched at target promoters and able to significantly distinguish between NeuroD1-bound and non-bound promoters among URG (Appendix Fig S5A, Table EV3 ). The robust quantitative nature of the Bayesian model was able to classify target and control datasets with high accuracy (Appendix Fig S5B) . The identified discriminating features included components of the basal transcriptional machinery (such as RNA Pol II and TAF3), which showed reduced enrichment at the NeuroD1 target promoters Data information: Error bars reflect standard error of the mean from two biological replicates. Significance was determined by Fischer's test with *P < 0.05, **P < 0.01, ***P < 0.001. GEO IDs for all sequencing data used are provided in Table EV1 . Abhijeet Pataskar et al Gene regulatory mechanisms underlying NeuroD1 function during neurogenesis The EMBO Journal compared with the non-targets. Among these features, we also identified the transcription factors TBX3 and UTF1, the histone modifications H3K27ac and H3K27me3 as well as chromatin accessibility as high-confidence predictors that could significantly distinguish NeuroD1-target and non-target URG promoters (Fig 4A and B) . The prediction revealed that while TBX3, UTF1, and PcG repressive mark H3K27me3 were enriched at NeuroD1-target promoters in ES cells, these sites lacked the active histone modification H3K27ac (Fig 4A and B) . Interestingly, many of the promoter URT were cooccupied by UTF1 and TBX3 (Appendix Fig S5C) . While UTF1 is an established contributor to the pluripotent state, we were intrigued to notice TBX3 at the repressed neuronal genes, as a recent study implicated TBX3 in the specification of mesoendoderm lineage (Weidgang et al, 2013) . Importantly further, the chromatin at NeuroD1 target promoters was substantially less accessible compared with that of non-target promoters (Fig 4A and B) . These findings suggested that in the absence of NeuroD1, its target promoters are repressed by distinct factors and are held in a closed, heterochromatic state by the Polycomb mark H3K27me3 (as exemplified in Fig 4C) . We next investigated the dynamics of H3K27ac mark at promoter URT during neuronal differentiation using ChIPseq data for this modification for different stages of this differentiation system. Interestingly, upon onset of neurogenesis, a large fraction of these promoter URT become acetylated on H3K27, when NeuroD1 is most highly expressed (Fig 4D and E) . Moreover, these promoters lack H3K27ac in non-neuronal tissues (Appendix Fig S5H  and I) , where NeuroD1 and its target promoters are also not transcribed (Figs 2G and H and 1A) . We next tested whether NeuroD1 expression in ES cells induces the neuronal program by remodeling chromatin and changing transcription factor occupancy at these target promoters. To that end, after NeuroD1 was expressed in ES cells for 48 h, we performed a ChIP assay for TBX3, H3K27me3, and H3K27ac, and also measured chromatin accessibility using FAIRE methodology and analyzed the target promoters by qPCRs. These analyses showed that NeuroD1 binding at target gene promoters results in a loss of TBX3 and H3K27me3 and an increase in H3K27ac and chromatin accessibility (Fig 4F-I) . Prompted by these observations, we next investigated the kinetics of NeuroD1 action with respect to epigenetic reprogramming at its target promoter sites. Therefore, following the induction of NeuroD1 expression in ES cells, we performed a time-course analysis for enrichment of NeuroD1, H3K27me3, H3K27ac, and RNA Pol II using ChIP assay as well as expression of the associated target genes. This analysis showed that both the loss of H3K27me3 and the gain of H3K27ac occur after NeuroD1 binding which accompanies RNA Pol II recruitment and transcriptional induction (Fig 4J-L) . Together, these findings suggest that NeuroD1 binds its target promoter sites despite their heterochromatic state and triggers their remodeling to euchromatin, thereby inducing gene expression. Furthermore, NeuroD1-mediated antagonism of neuronal lineage repressors such as TBX3 provides additional competence in neuronal gene activation during neurogenesis.
NeuroD1 targeting to intergenic regions activates enhancers
Having observed that NeuroD1 also targeted a large number of enhancers, we next investigated the chromatin and transcription factor profile of these NeuroD1-bound enhancers associated with URG. Using the same rigorous Bayesian modeling approach on the large-scale ChIP-seq datasets described earlier, we identified three features (two transcription factors-MBD3 and TBX3, and one histone modification-H3K4me1) that were able to discriminate between NeuroD1-bound and non-bound enhancers associated with URG with high accuracy (Fig 5A and B, Appendix Fig S6A and B , Table EV4 ). These transcription factors were co-enriched at a number of enhancer URT sites ( Fig 5C, Appendix Fig S6C) . Interestingly, a large fraction of these enhancer URT sites gain H3K27ac during onset of neurogenesis (Fig 5D and E) , a stage that is immediate to highest NeuroD1 expression (Fig 1B) . In agreement with these changes at these distal regulatory elements, the genes associated Boxplots depicting enrichment of H3K27ac, H3K27me3, chromatin accessibility, UTF1, and TBX3 as normalized read counts at promoter URT (blue) and non-bound promoters of URG as control (red). C UCSC genome browser screenshot showing H3K27ac enrichment, chromatin accessibility as well as the co-localization of TBX3, UTF1, and H3K27me3 enrichment at a representative promoter URT. The genes are displayed as arrows representing the direction of transcription. The baseline on y-axis represents "0" values. D, E Heat map (D) depicting the dynamics of H3K27ac ChIP-seq enrichment at promoter URT during an in vitro neuronal differentiation time course. The enrichment was calculated from two biological replicates per developmental stage (ES, NP, TN d1, and TN d10). The same information is presented in (E) as a boxplot. ChIP-seq enrichment values are scaled between 0 and 1 on y-axis. F-I ChIP-qPCR results for the fold change of H3K27ac enrichment (F), H3K27me3 enrichment (G), chromatin accessibility as determined by FAIRE-qPCR enrichment (H), and TBX3 enrichment (I) at representative target promoters after 48 h of NeuroD1 between induced (+Dox) and non-induced ES cells (ÀDox). J-L ChIP-qPCR and RNA expression time-course results [6, 12, 18, 24 , and 48 h after induction, as well as in non-induced ES cells (ÀDox)] for the dynamics of enrichment for NeuroD1 (black), H3K27ac (blue), H3K27me3 (red), and RNA Pol II (purple) for three target promoters [NeuroD1 in (J), Hes6 in (K), and Dll3 in (L)] as well as RNA expression (green). The average enrichment of bound DNA normalized to the respective genomic DNA input was further normalized to the highest enrichment for each time-course replicate and plotted on the y-axis as relative ChIP enrichment. RNA reflects the relative gene expression normalized to a housekeeping gene (Rpl19) from three biological replicates.
Data information: Error bars reflect standard error of the mean from four biological replicates if not stated otherwise. Significance was determined by t-test with *P < 0.05, **P < 0.01, ***P < 0.001. The fold change of ChIP-qPCR enrichment (F, G, I) and FAIRE-qPCR enrichment (H) from +Dox to ÀDox of the average enrichment of bound DNA normalized to the respective genomic DNA input is plotted on the y-axis. GEO IDs for all sequencing data used are provided in Table EV1 . 
with these enhancers gained expression in parallel to NeuroD1 induction during neurogenesis both in vitro and in vivo (Appendix Fig S6D-G) . Furthermore, in non-neuronal tissues, these distal regions were depleted of H3K27ac, suggesting they are inactive in the absence of NeuroD1 (Appendix Fig S6H and I ). Similar observations were made for intragenic enhancers associated with URT (Appendix Fig S6J and K) . These findings support the idea that, in the absence of NeuroD1, its target enhancers are kept inactive by repressive mechanisms, such as MBD3 occupancy and histone deacetylation. Given the observation that NeuroD1 binds a large number of distal regulatory elements that are active only at specific stages of neurogenesis, we wanted to determine whether NeuroD1 binding at these distal regions creates changes in the regulatory factor and chromatin landscapes. Toward this, we performed ChIP assay using antibodies against MBD3, H3K4me1, and H3K27ac as well as FAIRE assay following NeuroD1 expression in ES cells for 48 h and assessed the target enhancers by qPCRs. Indeed, we found that the binding of NeuroD1 was accompanied by a loss of MBD3 and a gain of H3K4me1, H3K27ac, and chromatin accessibility at these target sites (Fig 5F-I) . To determine the dynamics of enhancer activation by NeuroD1 binding, we performed a time-course analysis for enrichment of NeuroD1 and H3K27ac using ChIP assay as well as expression levels of associated genes. Interestingly, this analysis showed that NeuroD1 binds to its target enhancers within 6 h after its induction and shortly thereafter, these sites show increasing levels of H3K27ac (Fig 5J-L) . Interestingly, we also observed that the transcriptional induction of associated target genes was delayed for these enhancer URT as compared to the promoter URT (Fig 4J-L) . These observations suggest that NeuroD1 targeting to these distal sites triggers their activation into enhancers that then induce gene expression.
NeuroD1 binds the identified targets in embryonic cortex and induces their euchromatic state and transcription to promote neurogenesis in vivo
We next attempted to test whether NeuroD1 binds the identified target sites in vivo and whether it could function similarly in transcriptional induction via influencing epigenetic state during cortical development. Toward this, we performed ChIP assay using NeuroD1-specific antibody in murine E14.5 cortex and tested its binding at the previously identified target sites. This analysis showed that all tested targets (both promoters and enhancers) were indeed occupied by NeuroD1 in the embryonic cortex, arguing that our approach has identified authentic loci bound by NeuroD1 during cortical development (Fig 6A) . We next attempted to investigate the impact of NeuroD1 on the epigenetic landscape of its targets in vivo. We therefore performed in utero electroporation (IUE) assay in mouse cortex at E13.5 using either an empty (Control-IRES-RFP) or NeuroD1-expressing (NeuroD1-IRES-RFP) plasmid as described previously (Aprea et al, 2013) . We sacrificed the animals at E15.5 and isolated RFP-positive cortical cells for further analysis of chromatin and gene expression changes in the manipulated cell populations (Fig 6B) . Toward this, we performed ChIP assay using H3K27ac-specific antibody under these two conditions and tested previously studied NeuroD1 promoter and enhancer targets (Figs 4F and 5G) for enrichment by qPCRs. Interestingly, such in vivo overexpression of NeuroD1 led to a significant increase in H3K27ac levels at NeuroD1 target sites (both promoters and enhancers) in comparison with the control condition (Fig 6C) . Furthermore, this gain of H3K27ac accompanied a significant transcriptional induction of the associated genes (Fig 6D) . Furthermore, we also analyzed the spatial distribution of RFP + cells in the cortical layers under similar experimental conditions. We found that NeuroD1 induced a significant decrease in the proportion of RFP + cells in the ventricular zone (VZ), the cortical layer that serves as a niche for neural progenitor cells, and a significant increase in the intermediate zone (IZ) (Fig 6E-G) . This was further validated by our observations that almost no NeuroD1-overexpressing cells showed co-staining with the neural progenitor marker Pax6 (Fig 6H) . These findings are in full agreement with our previous observations and establish that NeuroD1 binds and induces euchromatic state at regulatory elements of neuronal development genes during cortical development. As a consequence, NeuroD1 action induces their transcription and promotes neuronal differentiation. Data information: Error bars reflect standard error of the mean from four biological replicates if not stated otherwise. Significance was determined by t-test with *P < 0.05, **P < 0.01, ***P < 0.001. The fold change of ChIP-qPCR enrichment (F, G, I) and FAIRE-qPCR enrichment (H) from +Dox to ÀDox of the average enrichment of bound DNA normalized to the respective genomic DNA input is plotted on the y-axis. GEO IDs for all sequencing data used are provided in Table EV1 .
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Transient action of NeuroD1 during neuronal differentiation is sufficient to confer stable epigenetic changes at its target sites
We were next interested in recapitulating our findings in a context where cells are exposed to an environment that promotes neuronal differentiation. Toward this, we tested the possibility of directly differentiating ES cells into neurons by simultaneously removing pluripotency signals, adding neuronal culture medium, and consistent induction of NeuroD1 expression (Fig 7A) . Immunofluorescence analysis for the neuronal marker TUJ1 during this time course showed a gradual increase in the number of TUJ1-positive cells upon NeuroD1 induction, whereas only a few non-induced cells The EMBO Journal Gene regulatory mechanisms underlying NeuroD1 function during neurogenesis Abhijeet Pataskar et al ever expressed TUJ1, and that expression occurred only at very late time points (Fig 7B) . An expression analysis showed that the ectopic NeuroD1 was detected within 24 h of its induction, which was accompanied by upregulation of endogenous NeuroD1 (Appendix Fig S7A) ; this pattern closely resembled that of NeuroD1 induction in ES cells (Appendix Fig S1A) . Under same culture conditions, but without NeuroD1 induction, endogenous NeuroD1 was minimally induced, and its expression was further reduced within a few days (Appendix Fig S7A) . Furthermore, compared with the control cells, all core pluripotency markers except Sox2 were rapidly downregulated following NeuroD1 induction (Appendix Fig S7B) . Importantly, this repression was accompanied by a drastic and constant upregulation of neuronal markers only in NeuroD1-induced cells (Fig 7C) . Having observed that NeuroD1 can rapidly and efficiently generate neurons under these conditions, we refer to these neurons as "induced terminally differentiated neurons" ("iTN", Fig 7A) . Interestingly further, we observed that the degree of transcriptional induction of neuronal genes was strongly correlated to the ectopic NeuroD1 levels (Appendix Fig S7C-G) .
We further tested whether NeuroD1 targets the same promoters and enhancers during iTN differentiation as during in vitro neuronal differentiation of ES cells following NeuroD1 expression. Indeed, a ChIP-qPCR analysis showed that all tested promoters and enhancers were NeuroD1 occupied within 24 h of its expression (Fig 7D) . Importantly, NeuroD1 binding was accompanied by the loss of the repressive mark H3K27me3 from its target promoters, as well as the acquisition of the active chromatin mark H3K27ac and chromatin accessibility at its target promoters and enhancers at day 7 (Fig 7E-G) . Such epigenetic remodeling to a euchromatic state was further accompanied by transcriptional activation of associated genes (Fig 7H) . These observations further suggest that, regardless of the context, once expressed, NeuroD1 can locate and bind its genomic targets and mediate epigenetic remodeling to confer transcriptional competence.
We had previously observed that while NeuroD1 is only very transiently induced during onset of neurogenesis (Fig 1A and B) , a large number of its target genes maintain a transcriptionally active state later during neurogenesis (Fig 2E-H) despite the absence of NeuroD1. We therefore investigated the consequences of transient versus constitutive NeuroD1 expression on iTN formation. Removal of doxycycline after 48 h of induction (+/ÀDox) led to the loss of ectopic NeuroD1 expression within 24 h (Appendix Fig S7H) . However, despite such transient presence of ectopic NeuroD1, TUJ1-positive iTN cells were still efficiently generated that maintained their identity days later even when NeuroD1 was no longer present (Fig 7I) . Based on the observation that transient NeuroD1 expression still induces neurogenesis, we next investigated whether the NeuroD1-induced changes in the epigenetic state and gene expression could be maintained after removing NeuroD1 from its target sites. Interestingly, analysis of NeuroD1's target promoters and enhancers showed that while NeuroD1-induced increase in H3K27ac and chromatin accessibility was maintained only at few targets, the reduction in PcG-associated repressive H3K27me3 mark was efficiently maintained at all target sites despite the later absence of NeuroD1 (Fig 7J-L) .
We then further investigated whether the reorganization of transcription factor landscape observed following ectopic expression of NeuroD1 in ES cells could also be recapitulated during iTN differentiation. Interestingly, ChIP-qPCR analysis showed that such NeuroD1 targeting to its binding sites further led to a loss in the occupancy of TBX3 and MBD3. Strikingly, such reprogrammed 
A
Scheme depicting the direct ES differentiation protocol to induce terminal neuron (iTN) differentiation after induction of NeuroD1 (+Dox) including control condition (ÀDox). Arrows indicate the time points at which experiments were performed (IF, RNA expression, and ChIP). ChIP-qPCR for ectopic NeuroD1 was performed at d1, and all ChIP-qPCRs for changes in chromatin and transcription factor landscapes as well as FAIRE-qPCRs for chromatin accessibility were performed at d7 of iTN formation. B
Immunostaining time course for TUJ1 (neuronal marker) and Hoechst (nucleus) during iTN differentiation (+Dox) and in the control condition (ÀDox). The lesser number of cells during iTN formation (+Dox) is most likely a result of cells acquiring a post-mitotic state as part of neurogenesis whereas control cells (ÀDox) that lack NeuroD1 induction and efficient neurogenesis continue to proliferate. Scale bar, 50 lm. C R T -qPCR results for the expression of neuronal marker genes during iTN differentiation in induced (+Dox) and control condition (ÀDox). Data are derived from two biological replicates. D ChIP-qPCR results for NeuroD1 enrichment at identified regulatory elements 24 h after ectopic NeuroD1 induction. E-G ChIP-qPCR results for fold change of H3K27ac enrichment (E), H3K27me3 enrichment (F), and chromatin accessibility as determined by FAIRE-qPCR enrichments (G) at target genomic elements at day 7 of iTN formation between induced (+Dox) and non-induced control cells (ÀDox). H R T -qPCR results for the expression of representative URT at day 7 of iTN differentiation in induced (+Dox) and non-induced control cells (ÀDox). Data are derived from two biological replicates. I
Immunostaining for TUJ1-positive cells at day 7 of iTN formation for cells which have been deprived of doxycycline after 48 h (+/ÀDox) and control condition (ÀDox). Scale bar, 50 lm. J-L ChIP-qPCR results for fold change of H3K27ac enrichment (J), H3K27me3 enrichment (K), and chromatin accessibility as determined by FAIRE-qPCR enrichments (L) at target genomic elements at day 7 of iTN formation between cells exposed to transient ectopic NeuroD1 induction (+/ÀDox) and non-induced control cells (ÀDox). M, N ChIP-qPCR results for the fold change of TBX3 (M) or MBD3 (N) enrichment at target genomic elements at day 7 of iTN formation comparing continuously induced (+Dox) as well as transiently induced (+/ÀDox) iTNs with control cells (ÀDox). O R T -qPCR results for the expression of representative URT at day 7 of iTN differentiation upon Dox removal after 48 h (+/ÀDox) and non-induced control (ÀDox). Data are derived from two biological replicates.
Data information: Error bars reflect standard error of the mean from three biological replicates if not stated otherwise. Significance was determined by t-test with *P < 0.05, **P < 0.01, ***P < 0.001. The y-axis of ChIP-qPCR results in (D) shows the relative ChIP enrichment plotted as the ratio of precipitated DNA (bound) to input DNA and further normalized to an intergenic control region (background). The fold change of ChIP-qPCR enrichment and FAIRE-qPCR enrichment between tested conditions is plotted as the fold change of the average enrichment of bound DNA normalized to the respective genomic DNA input on the y-axis of remaining ChIP/ FAIRE-qPCR plots. RNA fold change reflects the relative gene expression normalized to a housekeeping gene (Rpl19) plotted as the fold change between tested conditions. e n h a n c e r N h l h 1 e n h a n c e r N c a m 1 e n h a n c e r N e u r o D 4 e n h a n c e r N h l h 1 e n h a n c e r ** *** *** *** *** The EMBO Journal Gene regulatory mechanisms underlying NeuroD1 function during neurogenesis Abhijeet Pataskar et al transcription factor landscape was maintained at all target sites even when NeuroD1 was expressed very briefly during the onset of neurogenesis (+/ÀDox) (Fig 7M and N) . Consistent with such maintenance of the NeuroD1-induced changes in the epigenetic and transcriptional factor landscape at its target sites, these genes maintained an elevated transcriptional state later during iTN formation despite the removal of NeuroD1 (Fig 7O) . Together, these findings suggest that while NeuroD1 functions for a short period during neurogenesis, the changes it induces in the epigenetic state and transcription factor landscape at its target sites might persist which in turn contribute to the sustained gene expression program during neuronal development.
Discussion
The transcriptional program underlying embryonic neurogenesis is regulated by the spatiotemporal expression pattern of critical transcription factors (Guillemot, 2007; Spitz & Furlong, 2012) . One such factor, the basic helix-loop-helix transcription factor NeuroD1, is required for neurogenesis as well as for the migration of newborn neurons during development (Kim, 2013; Aprea et al, 2014) . Here, we found that the ectopic expression of NeuroD1 in ES cells was sufficient to induce a neuronal differentiation program that closely mimics neurogenesis in vivo. Importantly, NeuroD1 was able to override the presence of stimuli for pluripotency, inducing neuronal gene expression and repressing core pluripotency genes (Oct4, Klf4, Nanog). This result is in agreement with those of previous studies that show, for example, NeuroD1's ability to induce terminal neuronal differentiation during olfactory neurogenesis (Boutin et al, 2010) or in reprogramming somatic cells into neurons (Marro et al, 2011; Guo et al, 2014) . We found that NeuroD1-induced genes were enriched for neuronal ontologies and are dependent on NeuroD1 expression, as supported by their repressed state in other non-neuronal tissues or in stages of neuronal differentiation when NeuroD1 was not expressed. We then uncovered the relationship between NeuroD1 expression and neuronal gene induction by showing that NeuroD1 directly binds either the promoters or enhancers of a number of upregulated genes. A significant fraction of these direct targets encode gene regulatory proteins, including transcription factors, uncovering how NeuroD1 governs multiple levels of the neurogenic transcription program. Many of these transcription factors (e.g. Zfand5, Rnf182, Aff3) have not been explored in the context of neurogenesis and warrant further investigation. Interestingly, we found that a substantial fraction of NeuroD1-induced genes is also induced during EMT, a process that is critical for neuronal development and the migration of newborn neurons (Kwan et al, 2012) . Importantly, these upregulated genes include several transcription factors that are established EMT markers (e.g. Snai2, Twist1, Zeb2). Interestingly, recent studies have linked NeuroD1 to the regulation of cell motility in neuroendocrine cancers (Huang et al, 2011; Osborne et al, 2013 Osborne et al, , 2014 . Overall, these findings support NeuroD1 as a critical regulator of neuronal development, during which it promotes neurogenesis as well as the migration of newborn neurons by directly regulating the underlying transcriptional program.
The classical definition of a pioneer factor requires the protein to be able to recognize and bind its target sites even if they exist in closed chromatin (Iwafuchi-Doi & Zaret, 2014) . Our findings show that NeuroD1 is one such pioneer factor as it can bind its genomic targets despite their being in a closed, heterochromatic state. These observations further suggested that the DNA sequence itself could be critical in guiding NeuroD1 to its target sites. Indeed, computational analysis revealed that NeuroD1-bound promoters and enhancers were significantly enriched for the established NeuroD1 motif. Furthermore, a de novo motif analysis supported these observations by showing that most of NeuroD1 peaks (approximately 95%) exhibit the classical E-box motif, which is known to be the target motif of bHLH proteins (Jones, 2004) , exactly at the peak center. Our motif analysis further revealed that, in addition to the NeuroD1 motif, a few other bHLH transcription factor motifs were also present at the NeuroD1 target sites. It has been suggested that the DNA binding efficiency of bHLH transcription factors is improved by their pairing with other bHLH transcription factors (Poulin et al, 2000) . It is possible that NeuroD1 binds to its target sites in partnership with other bHLH transcription factors that facilitate or stabilize this binding. In addition to binding the target sequences at regulatory elements following expression in ES cells, NeuroD1 also targeted the same sites upon expression in murine fibroblasts as well as during neurogenesis in vitro and in vivo, resulting in an induced expression of associated genes. Altogether, these findings implicate NeuroD1 as a pioneer factor by being able to recognize and bind its target sequence irrespective of the local chromatin context and cell type to regulate gene expression.
Interestingly, the chromatin and transcription factor landscapes of the induced NeuroD1 direct targets could discriminate them from non-target sites. This study showed that, in the absence of NeuroD1, its target promoters and enhancers are silenced by distinct combinations of regulatory factors and chromatin marks. When NeuroD1 is induced, it can target these regulatory sites in a sequence-specific manner and induce another set of changes that confers transcriptional competence. For example, NeuroD1 binding to promoters leads to a loss of the PcG-associated repressive mark H3K27me3 and increase in both H3K27ac and chromatin accessibility. Similarly, NeuroD1 binding at enhancers results in an increased H3K27ac levels and chromatin accessibility. Consequently, such NeuroD1 targeting to regulatory elements results in the induction of associated genes. Previous studies have shown that non-promoter H3K27ac mark closely predicts enhancers and has been frequently used to define functional enhancers (Creyghton et al, 2010; RadaIglesias et al, 2011; Bonn et al, 2012; Zhu et al, 2013; Cheng et al, 2014; Kwiatkowski et al, 2014; Shlyueva et al, 2014) . Very recently, it was shown that the targeting of acetyltransferase p300 (that acetylates H3 at K27) to enhancers is sufficient to activate enhancers and the associated gene expression (Hilton et al, 2015) . Given these studies and our findings that NeuroD1 recruitment to distal regions triggers a gain in their H3K27ac levels and induce gene expression, we propose that NeuroD1 targeting to distal sites is able to activate enhancers. Interestingly, these NeuroD1 target promoters and enhancers show similar chromatin dynamics in response to endogenous NeuroD1 during neuronal differentiation. Using a time-course analysis following NeuroD1 expression, we also made the interesting observation that genes associated with NeuroD1 promoter targets are induced much earlier as compared to enhancer targets, suggesting a differential regulatory cascade operating at the two sets of NeuroD1 target regulatory elements.
Our approach to identify direct targets of NeuroD1 following its ectopic expression in ES cells identified authentic targets as all tested regions were also occupied by NeuroD1 in the embryonic cortex. Furthermore, we also validated the functional impact of NeuroD1 in vivo by showing that its overexpression during cortical development induces euchromatinization of its target regions, as marked by their increased levels of H3K27ac, which parallels transcriptional induction of associated genes. Such action promotes neuronal fate as evident by the observations that NeuroD1-overexpressing cells exit neuronal progenitor state and increase in proportion in the upper cortical layers. These findings are also among the first to show epigenetic reprogramming in response to increased levels of a transcription factor during cortical development that in turn impacts upon cell fate decisions.
Our study further shows that NeuroD1 displaced TBX3 from its target sites to induce neuronal gene expression, suggesting that TBX3 functions in suppressing the neuronal lineage. In support of this model, a recent study showed that TBX3 drives cell fate specification toward the mesoendoderm (Weidgang et al, 2013) . These observations suggest that TBX3 promotes the mesoendoderm lineage while suppressing the neuronal lineage and that the expression of NeuroD1 during neuronal development overrides TBX3's function. Overall, the NeuroD1-mediated antagonism of TBX3 appears to be a critical event during neuronal development.
We also found that many inactive neuronal enhancers are bound by MBD3. MBD3 is a subunit of NuRD, a multisubunit complex that possesses nucleosome remodeling and histone deacetylase activities (Zhang et al, 1999) . These findings suggest that, in the absence of NeuroD1, MBD3 may contribute to the inactive state of NeuroD1 target enhancers by keeping them in a hypoacetylated state. In line with this hypothesis, we show that NeuroD1 binding can displace MBD3 from these distal regions, leading to an increase in H3K27ac and the activation of the associated neuronal genes.
We recapitulated our observations in an environment that favors neuronal differentiation and showed that NeuroD1 induction strongly enhances the neurogenic potential of uncommitted cells. Under these conditions, NeuroD1 targets the same enhancers and promoters, leading to similar alternations in the epigenetic and transcription factor landscapes and inducing the expression of genes involved in neuronal development. Our observations also show that the induction of target neuronal genes strongly depends on NeuroD1 levels, suggesting that the trigger to a neurogenic cell fate acquisition might only occur once a certain threshold of NeuroD1 level is achieved. Similar behavior has been shown for other bHLH factors such as Ascl1 (Imayoshi & Kageyama, 2014) and implies that this may be common mode of action for bHLH family members during differentiation.
Our study also addressed for the first time how transcription factors that are induced for a brief period during development have potential to orchestrate long-term transcriptional program by inducing epigenetic memory. NeuroD1 is highly induced very briefly during the onset of neurogenesis, while many of its target genes are kept active for much longer period despite its later absence. We find that a transient expression of NeuroD1 was sufficient to trigger changes at its target sites that ensured a long-term maintained loss of repressive transcription factor landscape as well as heterochromatin In neural progenitors, NeuroD1 target promoters are embedded in heterochromatic environment. Upon induction, NeuroD1 binds to its target sites by recognizing its sequence motif which is followed by replacement of heterochromatin machinery and repressive transcription factors. The loss of inactive (H3K27me3) and gain of active (H3K27ac) histone marks are accompanied by increased chromatin accessibility, leading to recruitment of RNA polymerase II and gene expression. Similar dynamics is observed at NeuroD1 target enhancers except that H3K27me3 was absent at these sites prior to NeuroD1 binding. Consequently, NeuroD1 induces gene regulatory program that specifies neuronal fate. Despite a transient NeuroD1 action during neurogenesis, the transcriptional induction of target neuronal genes persists for longer term via epigenetic memory.
The EMBO Journal ª 2015 The Authors and consequently, a transcriptionally induced state of its targets. These striking findings demonstrate that the brief period of NeuroD1 action can generate epigenetic memory at its target sites that lasts longer than the presence of NeuroD1 itself and contributes to the maintained expression profile and phenotypic state. In combination with our findings of a strong sequence specificity in NeuroD1 recruitment, these observations provide new concepts of how genetic determinants may guide epigenetic memory to ensure stability of distinct transcription programs during development. Taken together, our findings provide novel insights into the genomic targets of NeuroD1 and the mechanism through which it mediates neurogenesis. Our results suggest a model in which NeuroD1 binds regulatory elements despite them being in a heterochromatic state and initiates a set of events that includes the reprogramming of heterochromatin to euchromatin, causing the activation of neuronal genes (Fig 8) . Our findings also provoke for novel concepts of how single neurogenic factors are targeted to their target sites by genetic mechanisms where they reprogram the transcription factor and epigenetic landscapes to favor neurogenesis. This study also suggests that the effect of the transient action of critical transcription factors may persist at their target sites through epigenetic mechanisms. Future work should aim to unravel how the relationship between NeuroD1 and other neurogenic transcription factors contribute to the transcriptional reprogramming that underlies neuronal differentiation during embryonic development.
Materials and Methods
Cell culture
Murine ES cells were cultured at 37°C in 7% CO 2 and 88% relative humidity in 8 ml of ES medium [DMEM supplemented with 10% fetal calf serum, 1× MEM NEAA, 2 mM L-glutamine, and LIF on feeders (inactivated MEFs)]. For experiments, the feeders were removed by splitting the ES cells every 2 days onto tissue culture dishes coated with 0.2% gelatin, and the media was changed daily. Experiments were performed after five passages of the feeder-free state. In vitro neuronal differentiation was performed as described by Bibel et al (2004 Bibel et al ( , 2007 . Similar to this protocol, ES cells were directly plated on PORN/Laminin-coated tissue culture dishes and cultivated for 2 days in N2 media followed by complete media for iTN formation. Transgenic A2lox ES cells harboring the murine NeuroD1 CDS (NM_010894.2) fused to an N-terminal HA-tag under the control of a doxycycline-inducible promoter were generated according to Iacovino et al (2011) . Ectopic induction of NeuroD1 was achieved with 500 ng/ml doxycycline for indicated durations.
Chromatin immunoprecipitation (ChIP) assay
The cells were cross-linked in medium containing 1% formaldehyde for 10 min at room temperature, neutralized with 0.125 M glycine, scraped off, and rinsed twice with 10 ml of cold 1× PBS. The cells were pelleted by centrifugation for 7 min at 4°C at 600 g. The pellets were resuspended in 10 ml of buffer L1 (50 mM HEPES KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8.0, 10% glycerol, 5% NP-40, 0.25% Triton X-100) and incubated at 4°C for 10 min. This step was followed by centrifugation for 5 min at 4°C at 1,300 g. The pellet was resuspended in 10 ml of buffer L2 (200 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 10 mM Tris pH 8.0) and incubated at room temperature for 10 min, followed by centrifugation for 5 min at 4°C at 1,300 g. The pellet was resuspended in buffer L3 (1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 10 mM Tris pH 8.0, 100 mM NaCl, 0.1% Na-deoxycholate, 0.17 mM N-lauroyl sarcosine) containing protease inhibitors, sonicated using a Bioruptor Plus (Diagenode), and incubated overnight at 4°C. After clearing the cellular debris by spinning at 14,000 g for 10 min at 4°C, 60 lg of chromatin was incubated overnight at 4°C with the appropriate antibodies after 1 h of preclearing. The mixture was then incubated with 40 ll of protein A-or G-Sepharose beads that had been preblocked with tRNA and BSA for 3 h at 4°C. The beads were washed twice with 1 ml of buffer L3 and once with 1 ml of DOC buffer [10 mM Tris (pH 8.0), 0.25 M LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1 mM EDTA], and the bound chromatin was eluted in 1% SDS/0.1 M NaHCO 3 . Next, treatment with RNase A (0.2 mg/ml) was performed for 30 min at 37°C followed by treatment with proteinase K (50 lg/ml) for 2.5 h at 55°C. The cross-linking was reversed at 65°C overnight with gentle shaking. The DNA was purified by phenol-chloroform extraction followed by ethanol precipitation and was recovered in 40 ll of TE buffer.
For in vivo ChIP assay in E14.5 embryonic cortex, the meninges were removed from extracted cortices and cells resupended in PBS containing 2 mM DSG (Sigma) and cross-linked for 45 min at room temperature. After four washing steps with PBS, the ChIP assay was performed as described above.
Real-time PCR on the ChIP material was performed using SYBR Green chemistry (ABI) and ChIP (1:40) or input (1:100) DNA. The sequences of all primers used in this study are provided in Table EV5 .
Formaldehyde-assisted isolation of regulatory elements (FAIRE)
For FAIRE (Giresi et al, 2007; Simon et al, 2012) , the cells to be assayed were fixed, lysed, and sonicated as described for ChIP. After clearing the cellular debris by spinning at 14,000 g for 10 min at 4°C, the DNA was isolated by adding an equal volume of phenol: chloroform:isoamyl alcohol (25:24:1), vortexing, and spinning at 12,000 g for 8 min at room temperature. The upper aqueous phase was isolated, followed by a second round of phenol:chloroform: isoamyl alcohol purification. For the subsequent collection of the aqueous phase, an equal volume of chloroform:isoamyl alcohol (24:1) was added, vortexed, and spun at 12,000 g for 8 min at room temperature. The upper aqueous phase was collected, and the DNA was then ethanol precipitated and recovered in 40 ll of TE buffer. The recovered material was treated with RNase for 30 min (0.2 mg/ml), re-cleaned with phenol followed by chloroform:isoamyl alcohol (24:1), and precipitated with ethanol. The DNA was recovered in 40 ll of TE buffer. To generate the input DNA control, RNase and proteinase K digestion, reverse cross-linking, and purification of 10% of the input material were performed as described for the ChIP samples as well as real-time PCR analysis.
Quantitative RT-PCR
Total RNA of cultured cells was prepared using TRIzol reagent (Invitrogen) and reverse-transcribed with a First Strand cDNA Synthesis kit (Fermentas). The RNA of FAC-sorted cortical cells was extracted using the RNeasy Micro kit (Qiagen) and reversetranscribed with the SuperScript VILO cDNA Synthesis kit (Invitrogen). The transcripts were quantified by qPCR using SYBR â Green PCR MasterMix (ABI) on a ViiA TM 7 Real-Time PCR System (Life Technologies). Mouse Rpl19 primers were used for normalization of RNA expression, primers amplifying an intergenic region for normalization of ChIP enrichment above background. The sequences of all primers used in this study are provided in Table EV5 .
Immunofluorescence assay
Cells were grown on coverslips and fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. The cells were permeabilized and simultaneously blocked with 10% goat serum and 5% FBS in PBS supplemented with 0.2% Triton X-100 for 1 h at room temperature. Isolated E15.5 embryonic brains were fixed for 24 h in 4% PFA in PBS at 4°C followed by cryoprotection in 10% sucrose for 2 h then in 30% sucrose (in PBS) overnight. Brains were embedded in Tissue-Tek, stored at À20°C, and cryosectioned in 10 lm. Sections on coverslips were preblocked with 2% BSA, 0.5% Triton (in PBS) for 1 h. Subsequently, the samples were incubated with primary antibodies overnight at 4°C. The coverslips were incubated with fluorochrome-labeled secondary antibody for 1 h at room temperature. The coverslips were counterstained with Hoechst, mounted with Immu-Mount, and imaged with a confocal laser-scanning microscope. The data were processed with ImageJ software.
Immunoblotting
The cells were lysed in RIPA buffer, and the protein concentrations were quantified using Bradford reagent. Equal amounts of protein (30 lg) were boiled in 6× SDS-PAGE loading buffer, run on a polyacrylamide gel, transferred to a PVDF membrane, blocked in 5% milk, and probed with the appropriate antibodies.
Animals
Mice of C57BL/6N background were kept under standard housing conditions, and experiments were carried out according to local regulations.
In utero electroporation (IUE)
Plasmids were generated by inserting the murine NeuroD1 CDS (NM_010894.2) into the pCIDRE vector containing IRES-RFP (NeuroD1-IRES-RFP). The original pCIDRE backbone without insertion of an additional CDS was used as Control-IRES-RFP plasmid. IUE at E13.5 was performed as previously described (Artegiani et al, 2012; Aprea et al, 2013) . In brief, plasmids were prepped using an EndoFree Plasmid Maxi kit (Quiagen) and plasmid concentration adjusted to 5 lg/ll. Pregnant mice were anaesthetized with isofluorane at E13.5 and~1.5 ll of plasmid solution injected into the ventricle of embryonic brains. The plasmids were electroporated into the dorsal ventricular zone with nine pulses of 30 V, 50 ms each at 1 s interval delivered through platinum electrodes using a BTX-830 electroporator (Genetronics).
Fluorescence-activated cell sorting
FACS of cortical cells was performed as previously described (Aprea et al, 2013) . In brief, E15.5 wild-type electroporated cortices were dissociated using the papain-based neural dissociation kit (Milteney Biotec) after removal of meninges and ganglionic eminences. For ChIP samples, cells were cross-linked with 1% formaldehyde in PBS for 10 min at room temperature, neutralized with 0.125 M glycine, and washed two times with PBS. Samples for RNA isolation were immediately processed after dissociation. FACS was performed with a gating strategy for red (561 nm) fluorescence.
FACS of in vitro cultured cells was performed with the BD LSRFortessa Cell Analyzer. NIH3T3 murine fibroblasts were transfected with either NeuroD1-IRES-RFP or Control-IRES-RFP plasmids using Lipofectamine 2000 (Invitrogen). Cells were trypsinized after 48 h, resupended in PBS, and sorted based on RFP intensity. The sorted cells were immediately processed for RNA extraction.
Reagents and antibodies
The reagents used in this study were as follows: PBS ( The antibodies used for immunofluorescence were anti-TUJ1 (T2200, Sigma; 1:200), anti-PAX6 (Covance, PRB-278P-100; 1:200), and Alexa Fluor 568 goat anti-rabbit IgG (H+L; A11011, Invitrogen; 1:1,000).
The antibodies used for the ChIP assay were 5 lg of anti-HA (ab9110, Abcam), NeuroD1 (#4373, Cell Signaling, 1:50; used for in vivo ChIP), 2 lg of anti-H3K27me3 (39155, Active Motif), 2 lg of anti-H3K27ac (ab4729, Abcam), 2 lg of anti-H3K4me1 (ab8895, Abcam), 8 lg of anti-TBX3 (sc31657, Santa Cruz), and 8 lg of a 1:1 mixture of anti-MBD3 (ab16057, Abcam), and anti-MBD3 (A302-528A, Biomol).
RNA-seq analysis
An RNA-seq poly(A) library was generated according to Illumina's instructions using oligo-dT primers. The RNA-sequencing output was in FASTQ format. NeuroD1 RNA-seq datasets derived from ES cells after NeuroD1 induction for 48 h (+Dox) or under non-induced condition (ÀDox) in two biological replicates each. After a quality check using FASTQC v2.6.14 (Andrews), the output was aligned to the mouse genome (mm9) with UCSC's annotations using TopHat v2.0.8 (Trapnell et al, 2009) . Only uniquely mapped reads were retained for further analysis. SAMTOOLS v0.1.19 ) was used to convert the BAM output to SAM format and to sort the BAM file. The read counts per gene were calculated using the HTSeq program, v0.5.4p1 (Anders et al, 2015) . The DESeq package (Oshlack et al, 2010) was used to generate normalized read counts and for differential gene expression analysis. DESeq called differentially expressed genes with FDR cutoff of 0.05 and abs(FC) > 1.5 were considered as significant differentially expressed genes. In vivo RNAseq data from various embryonic tissues were normalized together by implementing RPKM normalization from Cufflinks package (Trapnell et al, 2012) . GO term analysis was performed using GenePattern GSEAPreranked (Subramanian et al, 2007) and ToppGene (Chen et al, 2009) . Gene lists derived from RNA-seq analysis following NeuroD1 induction in ES cells are supplied in Tables EV2 and EV6 .
ChIP-seq, FAIRE-seq, and motif analysis Quality control of the ChIP/FAIRE-sequencing output was undertaken using FASTQC (Andrews). NeuroD1 ChIP-seq was generated in ES cells following 24 h NeuroD1 induction in two biological replicates. Bowtie v0.12.9 (Langmead et al, 2010) with default parameters was used to align the reads to the mouse mm9 genome with annotations from UCSC (Karolchik et al, 2014) . Each read was aligned to maximally one position in the genome. SAMTOOLS v0.1.19 was used to convert the SAM file into BAM format and to sort and index the BAM file. The peaks were called using MACS2 v2.0.10.20120913 (Zhang et al, 2008) using default parameters. Peaks reproducible across two biological replicates with margin of 100 base pairs were retained. WIG files were generated using the QuasR (Gaidatzis et al, 2014) package and visualized using the UCSC genome browser. The raw read counts that aligned to each genomic feature (promoters, peaks, and enhancers) were calculated using QuasR. Enrichment was calculated after merging biological replicates using the following formula:
where n s is the total number of reads in the sample that align with the genomic feature; N s is the total number of aligned reads in the sample; n b is the total number of reads in the input/background that align with the genomic feature; N b : Total is the number of aligned reads in the input/background; and p is the pseudocount, used to correct enrichments at genomic features with low read counts, which was set to 8. The same protocol was used for FAIRE-seq analysis. The enhancers were identified using the above formula and were based on the H3K27ac peaks in TN d1 that were enriched at least 2-fold over the input. The enhancer regions were defined as À1,000 to +1,000 bases from the H3K27ac peak summit. Enhancers were associated with genes by nearest gene approach excluding promoter regions (À800 to +200 bp from TSS) using annotatePeaks.pl method from HOMER v4.7 (Heinz et al, 2010) . Enhancer classification into genomic location subtypes was based on UCSC mm9 genome annotation (Karolchik et al, 2014) . HOMER v4.7 was used to annotate the peaks. Motif analysis of the promoters was performed by submitting the gene list to the HOMER findMotifs.pl program, and the motifs were defined from À800 to +200 nucleotides from the TSS. For motif analysis at the enhancers, the input regions to the findMotifs.pl program were given in BED format. De novo motif was built by sequence analysis using rGADEM (Li, 2009 ) on enriched (E > 1) NeuroD1 peaks.
Gene lists associated with NeuroD1-enriched genomic loci are provided in Table EV6 .
Bayesian modeling
ChIP-seq data for 50 transciption factors (TFs) and 8 histone marks (HMs) in ES cells were downloaded from the NCBI GEO database after selection through quality check using FASTQC (Edgar et al, 2002) (Table EV1 ). After ChIP-seq processing and analysis (as described above), a matrix of the raw read counts that aligned with promoters as well as enhancers was generated and further normalized for library size using Trimmed Mean of M-values (TMM) normalization in the edgeR v3.0 package . The NaiveBayes module from WEKA v3.6 (Frank et al, 2004) was used for classification. For promoter analysis, targets are defined by NeuroD1-bound promoters which are upregulated upon its induction, while control dataset was generated from randomly selected equal number of non-target promoters of induced genes. Similarly, for enhancer analysis, target enhancer sites associated with induced genes were taken as target set while the control set was generated by compiling equal number of randomly selected non-bound enhancer sites associated with induced genes. Calculations of classification accuracy and area under the curve were performed using ROCR v1.0.5 (Sing et al, 2005) . The information gain quotient for the selected features was calculated using infoGainAttributeEval method as provided in WEKA. The set of the most relevant features (transcription factors and histone marks) were selected using Wrapper approach with Naive Bayes as a classification algorithm and Best First as a search method.
Data deposition
All the next-generation sequencing datasets used in this study have been submitted to GEO and will be publicly available under accession number GSE65072.
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